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1. Project Summary 
Over the past two and a half centuries, the surface oceans have absorbed approximately 30% of 

the total anthropogenic carbon dioxide emissions from the atmosphere, equaling >550 billion 

tons of carbon dioxide (Canadell et al., 2007). This absorption of CO2 from the atmosphere has 

reduced the accumulation of greenhouse gases in the atmosphere, thus slowing the rate of 

climate change (IPCC, 2007; Sabine and Feely, 2007). The details of this uptake and storage as 

well as the mechanisms controlling them are still not fully understood. Continued monitoring and 

scientific analysis of the ocean carbon cycle is critical for understanding how this important sink 

for anthropogenic CO2 is functioning and how ocean carbon storage might change in the future. 

 

Recognizing the need to constrain the oceanic uptake, transport, and storage of anthropogenic 

CO2 for the anthropocene and to provide a baseline for future estimates of oceanic CO2 uptake, 

two international ocean research programs, the World Ocean Circulation Experiment (WOCE) 

and the Joint Global Ocean Flux Study (JGOFS), jointly conducted a comprehensive survey of 

inorganic carbon distributions in the global ocean in the 1990s (Wallace, 2001). After 

completion of the US field program in 1998, a five year effort called the Global Ocean Data 

Analysis Project (GLODAP) was begun to compile and rigorously quality control the US and 

international data sets including a few pre-WOCE data sets in regions that were data limited 

(Key et al., 2004). These data have greatly improved our understanding of the spatial 

distributions of natural and anthropogenic carbon in the ocean and are being used to examine the 

mechanistic controls on ocean carbon distributions.  
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The single snapshot of the ocean provided by the GLODAP data product is not ideal for 

understanding the temporal patterns of variability in ocean uptake and storage. The most 

important component of an assessment of ocean biogeochemical change, whether of natural or 

anthropogenic origin, is high-quality observations. The WOCE/JGOFS data set provides an 

important point of reference for ocean carbon studies, but many other useful data sets exist or are 

being collected which have not been analyzed in such a context because there has not been a 

coordinated effort to bring these data together and no data management system to make 

navigation and exploitation of these data convenient. For example, the NOAA Climate 

Observations Division’s (COD) Carbon Network (hydrographic sections, underway pCO2, and 

CO2 moorings) is a valuable contribution to the Global Ocean Observing System (GOOS) and 

Global Climate Observing System (GCOS).  It is not sufficient, however, simply to collect and 

archive the data if we expect the data to improve our understanding of the global carbon cycle 

and the role of the ocean in climate change. Although carbon scientists and oceanographers are 

the primary direct users of ocean carbon data, these scientists are working to produce meaningful 

products from these observations that a wide range of decision makers and the public can use to 

make informed decisions about current and future CO2 emissions. 

 

The goal of the Global Carbon Data Management and Synthesis Project is to work together with 

the COD carbon measurement projects as well as other national and international colleagues with 

high-quality ocean carbon data to take the fundamental carbon observations and turn them into 

products that are useful for scientists and the public for understanding the ocean carbon cycle 

and how it is changing over time. This effort ranges from ensuring that the observations are of 

the highest quality and are mutually consistent with each other to combining the observations 

into a common data set that is available and easy for the community to use and explore to 

evaluating the time rate of change in global ocean carbon uptake and storage. This project brings 

together ocean carbon measurement experts, information technology experts and data managers 

to ensure the most efficient and productive processing possible for the COD carbon observations. 

 

2. Scientific Accomplishments 
The COD ocean carbon network makes two basic types of observations: surface CO2 

observations (with ships of opportunity and moorings) and water column carbon observations 

(with repeat hydrography cruises). The surface observations are aimed at understanding the 

exchange of CO2 across the air-sea interface (i.e. ocean carbon uptake and release). The interior 

ocean observations help quantify the ocean carbon inventory and how it is changing with time 

(i.e. ocean carbon storage). Uptake is not necessarily the same as storage, because ocean 

transport can move carbon that is removed from the atmosphere in one place and store that 

carbon in another place. Although the spatial and temporal patterns of carbon uptake may be 

different from the storage patterns, these two measures of the ocean carbon cycle are closely 

related to each other. Integrated over large enough time and space domains, the net uptake 

should be reconcilable with the storage. 

 

The Global Carbon Data Management and Synthesis Project addresses both observational 

approaches for understanding the role of the oceans in the global carbon cycle. Because surface 

observations are collected in a different manner and have different requirements for developing 

the final product than the repeat hydrography data, the data management and synthesis for these 
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two data types is discussed separately. The activities and accomplishments for both data types in 

FY2011 are discussed below. 

 

While the COD ocean carbon network is primarily aimed at understanding the uptake and 

storage of ocean carbon, it also provides information on the consequences of that carbon on the 

chemistry of the oceans. When anthropogenic CO2 is absorbed by seawater chemical reactions 

occur that reduce both seawater pH and the concentration of carbonate ions in a process known 

as “ocean acidification”. The pH of ocean surface waters has already decreased by about 0.1 

units since the beginning of the industrial revolution (Caldeira and Wickett, 2003; Caldeira and 

Wickett, 2005), with a decrease of ~0.0018 yr
-1

 observed over the last quarter century at several 

open ocean time-series sites (Bates, 2007; Bates and Peters, 2007; Santana-Casiano et al., 2007).  

 

The COD ocean carbon observations and subsequent synthesis efforts through this project have 

played a significant role in highlighting to the scientific community and the general public the 

importance of ocean acidification and its consequences on marine life. The advancements in our 

understanding in ocean acidification made through this project are discussed in a section 2.3 

below. 

 

 

The surface ocean component of the Global Carbon Data Management and Synthesis Project 

involves continued processing of the carbon data generated from the COD volunteer observing 

ships and moorings, working with Taro Takahashi (LDEO) to generate updates to his air-sea 

CO2 flux climatology, developing the algorithms to make seasonal CO2 flux maps using satellite 

observations, and working with the international ocean carbon community on the Surface Ocean 

CO2 Atlas (SOCAT) project. An important component of the effort is national and international 

outreach and coordination to improve data quality, and assemble data into coherent unified 

datasets.  As described below the participants of the ocean carbon synthesis projects have been 

active participants and leaders of efforts such as SOCAT and RECCAP that provide critical data 

products for interpretation and testing/verification of models of ocean carbon dynamics and 

change. Each of these is very briefly discussed below. 

 

Processing of New Data 

During FY2011, PMEL received daily underway CO2 data files from 25 cruises in the Pacific 

Ocean on the following ships: Ka’imimoana (5), Bell Shimada (4), Oscar Dyson (2), RV 

Wecoma (1), Natalie Schulte(5), Hi’ialakai (8).  Improvements were made to diagnostic software 

to autonomously quality control pCO2, temperature, salinity, barometric pressure, pumps, water 

flow and gas flow data.  During the time in review, data from 22 cruises collected during 

FY2010 have been processed and submitted to CDIAC, and data from all cruises in FY2011 are 

in final processing.  All current and previous underway pCO2 data files are quality controlled 

using the data protocols outlined in Pierrot et al. (2008).  

 

Data from 11 mooring sites were also processed at PMEL and submitted to CDIAC following 

the Pierrot et al. protocols. The processing included not only the latest data, but also a 

reprocessing of older data to ensure that all our mooring data are available in the agreed format. 

In total, we processed and submitted 34 buoy years of data in FY2011. 

 

2.1. Surface Ocean CO2 
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As detailed in the “pCO2 from ships” report over 500,000 new underway pCO2 data points have 

been processed by AOML following uniform data reduction and quality control. Data and plots 

are posted on the publically accessible website http://www.aoml.noaa.gov/ocd/gcc/index.php.  

Data and metadata are contributed to the global database at CDIAC, as well as direct 

submissions to the LDEO and SOCAT databases.   

 

Seasonal air-sea CO2 Flux Maps 

The work by Park et al. (2010a) has provided an improved approach for estimating air-sea CO2 

fluxes on seasonal timescales from historical pCO2 data, sea surface temperature and wind speed.  

The algorithms provide a means to estimate air-sea CO2 fluxes on regional and seasonal scales to 

the near-present. The global sea-

air CO2 flux maps are updated 

quarterly and served from a 

graphical user interface (Figure 

1).  The metadata for the approach 

is described in a NOAA data 

report (Park et al. 2010b). In 

addition to monthly global fluxes, 

monthly ∆pCO2 and flux 

anomalies compared to the 30-year 

mean are provided. 

 
Figure 1.  Screen shot of the 

graphical user interface used to serve 

the monthly global estimates and pCO2 and sea-air fluxes. The ∆pCO2 anomaly map for Nov. 2011 is 

presented (from: http://cwcgom.aoml.noaa.gov/erddap/griddap/aomlcarbonfluxes.graph). 
 

Air-Sea Fluxes in the Regional Carbon Cycle Assessment and Processes (RECCAP)  
RECCAP is an international activity under the auspices of the Global Carbon 

Program (GCP) to produce a regional assessment of the sources and sinks of 

CO2.  The global ocean baseline was re-assessed using the Takahashi et al. 

(2009) climatology utilizing a consistent global wind field derived from the 

cross-calibrated multi-platform wind product (CCMP) (Ardizonne et al., 

2009).  We have recalculated the fluxes of Takahashi et al. (2009) with the 

new wind fields such that consistent regional and global estimates can be 

made over 19-years using the approach of Park et al. (2010a).  In addition, 

we are including a model derived estimate of the changes in ocean uptake 

due to increasing atmospheric CO2 levels.  The impact of this is illustrated in 

Figure 2.   An important aspect of the work is that the approach shows an 

increasing absolute uptake rate of CO2 from the atmosphere but decreasing 

fractional uptake.  This is in accord with numerical models, and has been referred to in the Southern 

Ocean as “saturation of the CO2 sink” (LeQuere et al. 2009). 

 
Figure 2. Net sea-air CO2 fluxes based on the empirical approach of Park et al. (2010a) (top panel); the 

trend in sea-air CO2 fluxes due to increasing atmospheric CO2 levels normalized to year 2000, from a 

model simulation (middle panel); total net flux over the past two decades (bottom panel) from 

Wanninkhof et al. (2012, in preparation). 

http://www.aoml.noaa.gov/ocd/gcc/index.php
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During FY2011 a comprehensive comparison of model-based and data-based estimates of sea-air 

CO2 fluxes and trends over the past two decades was performed as part of RECCAP.  There is 

good agreement of increasing uptake trends of about 0.15 Pg C decade
-1

 with significant 

interannual variability driven by large-scale climate re-organizations such as ENSO.  However, 

there are appreciable offsets in the absolute 

magnitudes.  The empirical approach, 

numerical ocean biogeochemistry models such 

as those from NCAR, and atmospheric inverse 

models all show anthropogenic CO2 uptake of 

1.4-2 Pg C year
-1

.
 
In contrast, global constraints 

and models adjusted to global constraints, such 

as the UEA model runs, show uptakes ranging 

from 2 to 2.5 Pg C year
-1

 (Figure 3).   A 

comprehensive analysis of model and data-

based approaches of sea-air CO2 fluxes over 

the last 2 decades is performed in Wanninkhof 

et al. (2012, in preparation). 

 
Figure 3.  Comparison of anthropogenic air-sea CO2 fluxes based on a composite of ocean models (blue 

line with squares) and an empirical data based approach (red line and circles).  Note, that the scale is 

reversed compared to Figure 2, and 0.65 Pg C year
-1

 is added to the net air-sea CO2 fluxes derived in the 

Park approach to reflect the anthropogenic CO2 uptake. 

 

Surface Ocean CO2 Atlas (SOCAT) 

The past year, FY2011, was a banner year for Carbon Synthesis Project, capped by the public 

announcement and publication of the Surface Ocean CO2 Atlas (SOCAT) dataset.  SOCAT is an 

international effort to establish a global surface CO2 data set that integrates together, in a 

common format, all publicly available surface CO2 data for the surface oceans. The SOCAT data 

set was publically announced at the IOCCP Surface Ocean CO2 Data-to-Flux Workshop in Paris 

in September.  Two distinct SOCAT data products were produced: 1) an integrated, 2
nd

-level 

quality controlled, global surface ocean fCO2 (fugacity of CO2) data set, following community-

agreed procedures and regional review; and 2) several gridded summary fields derived from the 

cruise data on a 1° x 1° grid with no temporal or spatial interpolation, plus a similar analysis on a 

¼° x ¼° grid to support coastal analyses. 

  

Approximately half of the data provided in the first release of SOCAT were acquired and quality 

controlled by participants in the COD funded “pCO2 on ships”, and “synthesis data management 

projects”.  AOML and PMEL were actively involved with the quality control of the Tropical 

Atlantic data and the tropical Pacific data, respectively. A MATLAB program developed by A. 

Olsen of U. Bergen and D. Pierrot of AOML/CIMAS was used to compare cruises in the general 

vicinity of each other.  The program includes the capability to adjust the pCO2sw data for 

expected temporal increases. We are also involved in preparation of the next release with Dr. 

Denis Pierrot joining the SOCAT steering group with Feely and Sabine.   

 

In FY2009 PMEL launched a web portal to be a shared workplace supporting the SOCAT QC 

process.  It provided a toolkit for assessing level 1 QC issues in the data, “suspending” a dataset 

(i.e. temporarily withdrawing it, pending corrections), collecting additional metadata and 
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documentation, tracking QC changes to a cruise’s data, and applying 2
nd

 level quality control 

ratings.  This portal provided the centralized repository (a relational database) of SOCAT cruise 

observations together with visualization / analysis tools, and a system to collaboratively enter 

quality control evaluations and resolve conflicting assessments. During FY2010 this server was 

the focus of SOCAT activity, with 6374 scientist-provided QC assessments performed. 

 

Once 2
nd

 order quality control had been completed a public Web site had to be designed and 

deployed in preparation for September the public announcement of the collection.  This effort 

began in June 2011.  Heather Koyuk at PMEL was the primary author of the Web site that is the 

face of SOCAT at 

http://www.socat.info/.  Behind this 

Web site are data services at several 

locations.  PMEL hosts the interactive 

data servers that provide the public 

with the ability to explore the 

collection as shown in Figure 4.  

CDIAC (at US DOE) and PANGAEA 

(in Germany) provide the secure, 

permanent archive of the data products, 

original cruise data and metadata for 

users who wish to download it.  The 

SOCAT.info Web site also provides 

tutorial videos, FAQs and SOCAT 

project background information.  Much 

of this content was developed at 

PMEL. 
Figure 4. SOCAT.info main page 

 

 

The ocean interior component of the Global Carbon Data Management and Synthesis Project 

involves continued processing and assessment of the CLIVAR/CO2 Repeat Hydrography data, an 

international synthesis of high-quality carbon data for the period from GEOSECS to CLIVAR, 

and a global assessment of decadal changes in ocean carbon inventories. As with the surface 

data, an important component of the effort is national and international outreach and 

coordination to improve data quality, and assemble data into coherent unified datasets.  As 

described below the participants of the ocean carbon synthesis efforts have been active 

participants and leaders of efforts such as CARINA, PACIFICA and RECCAP that provide 

critical data products for interpretation and testing/verification of models of ocean carbon 

dynamics and change. Each of these is very briefly discussed below. 

 

Processing Repeat Hydrography Data 

In FY2011, the NOAA DIC data from the S4P cruise, from Lyttelton-Punta Arenas along 67°S, 

were finalized and submitted to CDIAC. Data from the A10 cruise across the South Atlantic are 

currently being finalized and will be submitted to CDIAC shortly. PIs Millero and Dickson are 

finalizing the total alkalinity data collected on the CLIVAR S4P and A10 cruises. These data will 

be submitted to CDIAC and final cruise reports written and made publically available. Over the 

2.2. Ocean Interior Carbon 

http://www.socat.info/
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past year CDIAC made DIC data from the following datasets available to the general public: 

I05_2009, P06_2009, P21_2009, P15S_2009, A13.5 (except for pH).  

 

We have constructed an Atlantic, Pacific and Indian Ocean “CLIVAR” data product similar to 

GLODAP and CARINA. This data product is composed of very high quality cruise data 

collected since 1998. We have not distributed this data product because it includes several 

“preliminary” carbon data sets, a few proprietary data sets, and because several of these cruises 

have been included in other collections. We are using this product for in-house carbon change 

calculations (see below). 

  

Ocean Interior Data Synthesis 

With the completion of CARINA in 2010, the synthesis effort was shifted to the Pacific with a 

project led by PICES called PACIFICA. This is a data synthesis effort that is scientifically 

similar to CARINA in all aspects except that the data are primarily from the North Pacific. Over 

the past year the PACIFICA group, which includes several of the Global Carbon Data 

Management and Synthesis Project PIs collected and began assessing the quality of 

approximately 250 new cruises not previously available to the public. Princeton’s involvement in 

PACIFICA has been much less than it was for the prior data collection efforts primarily due to 

funding. Japanese scientists have assembled all of the data for the collection. They have also had 

the primary responsibility for 1
st
 QC of the data. R. Key’s involvement has been limited to 

attending the data QC meetings and offering guidance.  X. Lin (P.U.) has imported all of the 

PACIFICA data into the Princeton data system and has been checking 1
st
 QC in collaboration 

with the PACIFICA group. Feely and Sabine are regional leaders in the QC process. 

 

Global Assessment of Decadal Changes in Ocean Carbon Storage 

An important component of the Global Carbon Data Management and Synthesis Project is the 

analysis of decadal changes in ocean carbon storage. These analyses are initially conducted along 

specific lines occupied as part of the CLIVAR/CO2 Repeat Hydrography program. During the 

WOCE program, east-west cruise line S4P in the South Pacific along ca. 67
o
S was occupied in 

Feb-March 1992 and repeated this year in Feb. – April 2011 as part of the CLIVAR/CO2 Repeat 

Hydrography program to investigate the temporal changes in total dissolved inorganic carbon 

(DIC) from 1992 to 2011 along this cruise line, The results are shown in Figure 5.  The 

estimated DIC increases over the 19-year interval vary from about 0 µmol kg
-1

 below 800 m to 

values greater than 40 µmol kg
-1

 near 138°W with the main concentrations increases between the 

surface and 300m. Similar analyses using the extended multiple linear regression (eMLR) 

approach along the P06 line along 32ºS by C. Sabine indicate that ocean carbon storage in this 

region has increased 30-50% over the last decade relative to the previous decade. 
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Figure 5. Sections of total dissolved carbon in Feb-April 2011 (top); Feb-Mar. 2092 (middle);  

               and the 2011-1992 difference (bottom) in units of µmol kg
-1

. 
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Ocean Interior Carbon in the Regional Carbon Cycle Assessment and Processes (RECCAP) 

RECCAP is an international activity coordinated through the Global Carbon Project (GCP) with 

the goal of producing global and regional assessments of the sources and sinks of CO2. An 

important component of this effort is the evaluation of the global carbon inventories and how 

they are changing with time. Several of the COD carbon project PIs (Sabine, Feely, Wanninkhof, 

Key, Kozyr) are a part of this effort and are taking the lead on different aspects of the project. 

For example, as part of this project Sabine will be summarizing the various techniques for 

assessing natural and anthropogenic carbon inventories and their results. Initial work along these 

lines was recently published by Sabine and Tanhua (2010). 

 

Detection and attribution of hydrographic and biogeochemical changes in the deep ocean (≈> 

2000 m) is challenging due to limited accurate data.  There are indications that anthropogenic 

and climate change signals are starting to manifest themselves at depth.  During the performance 

period we determined the changes in deep water inorganic carbon content along meridional 

transects in the Atlantic and Pacific Ocean on decadal time scales using observations from the 

World Hydrographic Program in the 1980s and 1990’s, and the CLIVAR/CO2 repeat 

hydrography effort in the past decade.  Decadal changes of DIC in deep water cannot currently 

be measured with confidence in the ocean interior removed from the outcrop regions. Changes 

based on discrete pCO2 (20) measurement show appreciable rates of inventory change that are in 

general agreement with the age of water masses.  The cruises in the Atlantic central basin show 

deep water changes at a rate of changes of 0.5 mol m
-2

 yr
-1

, the South eastern South Atlantic 

basin shows changes of 0.12 mol m
-2

 yr
-1

 (Figure 6) and the Southeastern Pacific at 0.07 mol m
-2

 

yr
-1

.  The changes are appreciably higher 

then the output of the NCAR CCSM-1 

model but this model also shows less 

CFC11 at depth than measured CFC11 

(Figure 7).  The CFC11 ages based on the 

measured CFC11 concentrations indicate 

that the dissolved inorganic carbon (DIC) 

changes based on pCO2(20) measurements 

are plausible and from anthropogenic origin.  

The results indicate that appreciably more 

anthropogenic CO2 is entering the ocean 

interior than several current observation 

based techniques indicate. However, the 

paucity in pCO2(20) data and largely 

uniform specific inventory changes 

∆DICpCO2 with latitude (Figure 6) make the 

quantification of this signal tentative.  

 
Figure 6.  Specific inventory changes of ∆DIC, ∆DICpCO2, and ∆Canthro (model) below 2000 m versus 

latitude for the A13.5 line from 54˚ S to 10˚ S between 1983 and 2010.  The measured change in DIC is 

unrealistically large and attributed to offsets in the older data. The calculated DIC change based on 

pCO2(20), ∆DICpCO2, is plausible. 
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Figure 7. Specific inventory for measured CFC11 and 

modeled CFC11 greater than 2000m for 2010 for the 

A13.5 line. The model data is systematically lower 

suggesting issues in (some) models with deep 

ventilation processes.  
 

 

 

 

 

 

In related work R. Key has been working with M. Manizza to better understand the carbon 

system in the Arctic Ocean. This research is grounded with data assembled as part of the 

CARINA project and more recent cruises, and results from a numerical ocean model. The model 

suggests a regional uptake of 59TgC yr
-1

 in agreement with the estimate from very limited data 

(29-199TgC yr
-1

). Because of limited circulation, broad shelf areas and numerous rivers, the 

carbon chemistry of this region is particularly interesting (Manizza et al. 2011). Later this year 

we plan to submit a proposal to NSF to develop an "ocean carbon state estimation" for the Arctic 

Ocean using a new regional adjoint model.  

 

 

The uptake of anthropogenic CO2 by the global ocean induces fundamental changes in seawater 

chemistry that could have dramatic impacts on biological ecosystems in the upper ocean. Based 

on measurements from the WOCE/JGOFS global CO2 survey, the CLIVAR/CO2 Repeat 

Hydrography Program in the Pacific Ocean, we have observed an average 0.34% yr
-1

 decrease in 

the saturation state of surface seawater with respect to aragonite and calcite. The upward 

migrations of the aragonite and calcite saturation horizons, averaging about 1 to 2 m yr
-1

, are the 

direct result of the uptake of anthropogenic CO2 by the oceans and regional changes in 

circulation and biogeochemical processes. The shoaling of the saturation horizon is regionally 

variable, with more rapid shoaling in the South Pacific where there is a larger uptake of 

anthropogenic CO2. In some locations, particularly in the North Pacific Subtropical Gyre and in 

the California Current, the decadal changes in circulation can be the dominant factor in 

controlling the migration of the saturation horizon. If CO2 emissions continue as projected over 

the rest of this century, the resulting changes in the marine carbonate system would mean that 

many coral reef systems in the Pacific would no longer be able to sustain a sufficiently high rate 

of calcification to maintain the viability of these ecosystems as a whole and perhaps could 

seriously impact the thousands of species that depend on them for survival. 

 

In the surface mixed layer (depths to ~100 m), the extent of pH change is consistent with that 

expected under conditions of seawater/ atmosphere equilibration, with an average rate of change 

2.3. Ocean Acidification 
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of -0.0017 yr
-1

. Future mixed layer changes can be expected to closely mirror changes in 

atmospheric CO2, with surface seawater pH continuing to fall as atmospheric CO2 rises. 
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3. Education and Outreach 
Synthesis Project investigators have been very active in educating the public about ocean carbon 

changes. Several of the PIs regularly teach graduate and undergraduate classes in ocean carbon 

chemistry. These classes incorporate the scientific results coming from this work. Several of the 

PIs have graduate students or post-docs that are exposed to the work accomplished through this 

project. Several of the Synthesis Project PIs also serve on a number of national and international 

science committees that help guide and coordinate ocean carbon research. Interactions with the 

general public include presentations to local schools, open public lectures (both in the US and 

abroad), public “webinars” (seminars broadcast as streaming video onto the web e.g. for World 

Oceans Day), laboratory tours for groups ranging from school kids to Congressional 

Representatives, and official congressional testimonies. We have also given numerous press 

interviews and have been quoted in printed and online media, radio, and television. 

 

The R/V Walton Smith is used by the University of Miami Department of Marine Science to 

provide undergraduate students with at sea experience in marine chemistry.  The pCO2 data 
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